1. Introduction {#sec1}
===============

The various metals and alloys have been widely used in science and technology. Many amorphous alloys, such as Fe-based amorphous alloys, possess superior magnetic properties compared to their crystalline counterparts because of their unique atomic structures \[[@B1]\]. A great deal of effort has been devoted to iron series alloy nanoparticles because of the novel optical, catalytic, electrical, and magnetic properties \[[@B2]--[@B8]\]. Generally, the preparation methods of the nanoalloys have strict environment requirement or complicated experiment process because of the strong activity of the fresh metal nanoparticles \[[@B9]--[@B12]\]. The metal-boron alloys nanoparticles were generally prepared in solution by chemical reduction method. But a variety of synthetic parameters, such as the ratio of the reactants, pH of the solution, and the order of the materials added, have significant effect on the morphology of the obtained materials in the aqueous chemical reduction which has been researched in recent years \[[@B13]--[@B17]\]. Room temperature solid-solid chemical reaction is a novel technique for preparation of nanosized materials. Recently, we have found that some amorphous alloys nanoparticles and the copper, bismuth, or antimony nanocrystalline particles can be prepared very easily by room temperature solid-solid reaction \[[@B18]--[@B21]\]. The reaction can be quickly accomplished at room temperature, which is a challenge to those traditional methods.

Lead can form eutectic alloy \[[@B22], [@B23]\] or hypomonotectic alloy \[[@B24]--[@B26]\] with another metal and is applied to the battery or lubricating materials, electrical contact materials, superconducting materials, and so on. In recent years, the prepared method and character of a series of lead alloys have been studied. The preparation and characteristics of Fe-Pb, Ni-Pb, and a series of ternary alloys about lead have been reported \[[@B27]--[@B29]\]. Lead is a soft metal and it is insoluble in iron under equilibrium conditions. Therefore, the study on the room temperature solid-solid chemical reaction preparation of the lead-based multicomponent alloy nanomaterials will be very interesting not only for studying incompatibility alloy, but also for exploration of the new preparation method of other multicomponent alloy nanoparticles. In this work, the Fe-Ni-Pb-B multicomponent alloy nanoparticles are synthesized by room temperature solid-solid chemical reaction, the effect of the mole ratio of potassium borohydride and the metal salts on the component of the alloy nanoparticles is discussed, and the magnetic performance is tested.

2. Experimental {#sec2}
===============

All chemicals used in the preparation experiment were in analytical grade, which were purchased from Chengdu Kelong Chemical Reagent Factory in China. Ferric trichloride hexahydrate, nickel chloride hexahydrate, and lead acetate trihydrate were weighed and placed in an agate mortar and mixed up, and the corresponding mole ratio of the three metal salts was 1.00 : 1.00 : 0.500. Then, the white potassium borohydride powder was added to the above mixture, and the mole ratio of the metal salts to potassium borohydride was 1.00 : 1.25. Immediately, the mixture became black and released a lot of colorless gas. The released gas was tested with moist pH paper, and the result indicated that the gas was faintly acid gas. The reason was that the acetic acid and hydrogen chloride were released in the reaction process. The mixture was grinded carefully about 3 min, and then 2% of polyvinylpyrrolidone (PVP) of the total mass of the metal salts was added to the above agate mortar, and the grinding was kept on about 5 min. The reaction was conducted at room temperature. Then, the resultant was moved to a glass beaker as soon as possible, and the resultant was rinsed repeatedly by deionized water and collected by a centrifugation for removal of the residual reactants until no chlorine ion in washed water could be tested by the silver nitrate solution. Afterwards, the resultant was washed thoroughly by ethanol to remove residual water in the resultant. Finally, the resultant was dried in vacuum at 313 K for 5 h. The resultant was fine black particles and recorded as **1**. The same method was used to prepare resultants **2** and**3**, in which the mole ratio of the metal salts to potassium borohydride was 1.00 : 2.00 and 1.00 : 3.00, respectively.

The composition of the resultants was determined by the inductively coupled plasma-atomic mass spectrometer. First, the sample was solubilized by a certain amount of concentrated nitric acid. Then, the content of the iron, nickel, lead, and boron in the sample solution was measured by a Thermo X-2 ICP-MS instrument. The thermal properties of the resultant were examined by a TA Q500 thermogravimetric analyzer at a heating rate of 20 K min^−1^, and the TG-DTA curves of the resultant were shown in [Figure 1](#fig1){ref-type="fig"}. The powder X-ray diffraction (XRD) patterns of the resultants were recorded by a *D*/max-II X-ray diffractometer, Cu K~*α*1~ radiation (*λ* = 0.154056 nm), and Ni filter, and scanning rate was 8° (2*θ*) min^−1^ at room temperature. The powder X-ray diffraction data of the resultants were collected in the diffraction angle ranges of 3°--80° in [Figure 2](#fig2){ref-type="fig"}. The morphology and the particle sizes of the resultant were studied by a Tecnai G20 (FEI) transmission electron microscopy at 300 kV. For TEM observation, the samples were dispersed in ethanol by ultrasonic treatment and dropped on carbon-copper grids. The TEM images of the resultant were given in [Figure 3](#fig3){ref-type="fig"}. The soft magnetic properties of the resultants were investigated by a BKT-4500Z vibrating sample magnetometer.

3. Results and Discussion {#sec3}
=========================

The chemical composition and the percentage content of the resultants are listed in [Table 1](#tab1){ref-type="table"}. The results of the ICP analysis indicate that the percentage content of iron, nickel, lead, and boron in the resultant **2** is 9.66%, 26.45%, 46.50%, and 0.31%, respectively. The total content of the metals and boron of resultant **2** is about 82.92%. As the PVP was added, the total percentage content of the metals and boron is not equal to 100%. Therefore, the other elements (17.08%) in the resultant most possibly come from the PVP, and the conjecture is demonstrated in the result of TG-DSC analysis. In addition, several compositions of the alloy nanoparticles have been gained by adding a different ratio of KBH~4~ in the experimental process. Increasing the addition of potassium borohydride, from [Table 1](#tab1){ref-type="table"}, the percentage content of iron and nickel in the resultant is increased. This indicates that the mole ratio of potassium borohydride to the metal salts has an obvious effect on the composition of the resultant.

The TG-DTA curves of resultant **2** in air from room temperature to 1023 K are shown in [Figure 1](#fig1){ref-type="fig"}. There is an obvious weight loss process in the TG curve below 650 K. Because the resultant contains iron, nickel, lead, boron, and PVP, so the lost component must come from the oxidation and decomposition of PVP. The total percentage weight loss is 17.81%, and it fits right in with the data (17.08%) of the ICP determination. The weight of the residue is constant at 650 K. There are multiple weak exothermic peaks in the DTA curve from 650 to 1023 K, which are caused by the crystallization of the resultant in heating process. The results of the ICP and thermal analysis indicate that the resultant is not oxidized. In fact, the fresh metal alloy particles can be oxidized very easily by the oxygen in the air \[[@B21]\]. In this case, the particles can be cladded by PVP to insulate oxygen from air.

By now, there is no literature that reported the preparation of the high lead multicomponent amorphous alloys. We observe that the sharp peaks and diffuse peak exist in the X-ray powder diffraction patterns in [Figure 2](#fig2){ref-type="fig"}. This indicates that the resultants are mainly consisted of nanoamorphous phase and a minute amount of nanocrystalline phase \[[@B2]\]. The probable reason is that the reactions are very quickly carried out at room temperature, and the generated particles cannot accomplish the conversion from amorphous state to crystalline state. At the same time, the self-diffusion of lead and the incompatibility alloy formed easily of lead and other metals may be the main reason \[[@B30]\]. Combined with the TEM images of resultant **2**, two different crystal states have been found in [Figure 3](#fig3){ref-type="fig"}. In addition to a large amount of spheroidal particles, some linear products are scattered in the resultant. This may explain the existence of sharp peaks and diffuse peak in the XRD patterns. A statistical analysis of the TEM images shows that the resultant is mainly formed from ultrafine, and spherical nanoparticles and a small amount of nanowires are interspersed among them. The average particle size of the spherical nanoparticles is measured from the TEM images and estimated to be of diameter 25 nm. A layer of film can be observed in [Figure 3](#fig3){ref-type="fig"}, that is the PVP which is coated on the surface of the nanoparticles, and it is the probable reason that the fresh metal alloy nanoparticles have not been oxidized easily.

[Figure 4(a)](#fig4){ref-type="fig"} illustrates the hysteresis loops of resultants **1**, **2**, and **3**, respectively. The data of saturation magnetization, coercivity, and remanent magnetization for resultants**1**,**2**, and **3** is listed in [Table 2](#tab2){ref-type="table"}. It can be seen that the increase in the metallic relative content in resultants causes significant enhancement of the saturation magnetic polarization (*Ms*) from 9.01 emu g^−1^ for **1**to 21.22 emu g^−1^ for **3**; namely, it is increased with reducing agent addition.The determined data of the coercive force (*Hc*) for **1**, **2**, and **3** is similar and is, respectively, 65.85, 77.85, and 54.17 Oe which are graphically illustrated in the corresponding [Figure 4(b)](#fig4){ref-type="fig"}. The long and narrow hysteresis loops indicate that the resultants have low coercive force and remanent magnetization. Therefore, the resultants have superior soft magnetic property.

The preparation of multicomponent nanoalloys such as the Fe-Ni-Pb-B alloy nanoparticles by a room temperature solid-solid chemical reaction has never been reported. As much as the chemism is cloudy, the preparation method of solid-solid reaction at room temperature had been seldom studied. In this experiment, the potassium borohydride is thermodynamically unstable and possesses rather reducing activation. The iron, nickel, and lead can be reduced out from their metal salts using the potassium borohydride as reductant. The standard electrode potentials of the corresponding half-reactions are as follows: $$\begin{matrix}
\left. \text{H}_{2} + 2\text{e}^{-}\rightarrow 2\text{H}^{-}\quad E^{{^\circ}} = - 2.251\,\text{V} \right. \\
\left. \text{Fe}^{3 +} + 3\text{e}^{-}\rightarrow\text{Fe}\quad E^{{^\circ}} = - 0.037\,\text{V} \right. \\
\left. \text{Ni}^{2 +} + 2\text{e}^{-}\rightarrow\text{Ni}\quad E^{{^\circ}} = - 0.246\,\text{V} \right. \\
\left. \text{Pb}^{2 +} + 2\text{e}^{-}\rightarrow\text{Pb}\quad E^{{^\circ}} = - 0.126\,\text{V} \right. \\
\end{matrix}$$

Although the above standard electrode potentials of the half-reactions are those in the aqueous solution, the *E*° values may be used as a reference to discuss the room temperature solid-solid reaction. Obviously, the H^−^ anions in the potassium borohydride can very easily reduce the Fe^3+^, Ni^2+^, and Pb^2+^cations to their corresponding atoms. Because the electronegativity of iron (1.8), nickel (1.9) and lead (1.9) is less than that of boron (2.0), the iron, nickel, lead, and boron atoms can form the alloy. In theory, more Fe^3+^ ion should be reduced by KBH~4~ than the Ni^2+^ and Pb^2+^ ions in the experiment. But in fact, the content of iron in the resultants is far less than the amount of iron added in the experiment. Where did the iron go? We observed that the effluent of the washed the resultants was a pale green clear liquid. The pH of the effluent was measured using pH paper, and pH value of the effluent was about 6. This indicated that the effluent did not contain a great deal of the Fe^3+^ ion. In order to further study the reason about the reduction of the iron content in the resultants, we made the qualitative experiment to determine the Fe^2+^ ion in the effluent and the mix solution of the metal salts. The Fe^2+^ ion can form the blood-red complex with phenanthroline. By the addition of phenanthroline, the effluent could become immediately blood-red, but the mix solution of the metal salts did not redden. This illustrated the presence of ferrous ion in the effluent. In order to demonstrate the validity of the conclusion, we used the alkali to form the precipitate and observed the gradual change on the color of the precipitate. When the sodium hydroxide solution was added to the effluent, a large amount of white precipitate was formed in the beginning, and then the precipitate turned gradually into dark green. After standing for some time, the precipitate turned slowly to orange-red. This fits well with the color change process in which the ferrous ion is precipitated under alkaline condition and then oxidized to iron ion by air. The above testing results indicate that a part of iron ion in the experiment is reduced to ferrous ion and is not reduced entirely to iron. The standard electrode potentials of restoring the ferric ion to ferrous ion and restoring ferrous ion to iron in the corresponding half-reactions are listed as follows: $$\begin{matrix}
\left. \text{Fe}^{3 +} + \text{e}^{-}\rightarrow\text{Fe}^{2 +}\quad E^{{^\circ}} = 0.770\,\text{V} \right. \\
\left. \text{Fe}^{2 +} + 2\text{e}^{-}\rightarrow\text{Fe}\quad E^{{^\circ}} = - 0.407\,\text{V} \right. \\
\end{matrix}$$

It is clear that the iron ion is more easily reduced to the ferrous ion. Therefore, the iron ions in the experiment could first be reduced to the ferrous ions, and then the ferrous ions were reduced to iron atoms. However, the reduction of the Fe^2+^ ion to Fe atom is more difficult than the reduction of the Ni^2+^ ion to Ni atom and the Pb^2+^ ion to Pb atom. In this case, many irons ions in the reaction are reduced to the ferrous ions in a short time, but not iron atoms. This also supports the above composition analyses of the resultants. Perhaps, this is why the mole ratio of *n*(Fe) : *n*(Ni) : *n*(Pb) in the resultants is much less than 1.00 : 1.00 : 0.500, which is the mole ratio of *n*(FeCl~3~·6H~2~O) : *n*(NiCl~2~·6H~2~O) : *n*\[Pb(CH~3~COO)~2~·3H~2~O\] in the reaction raw materials. The mole ratios of *n*(Fe) : *n*(Ni) : *n*(Pb) in the resultants **1**, **2**, and **3** are 0.394 : 1.00 : 0.479, 0.384 : 1.00 : 0.498, and 0.446 : 1.00 : 0.464, respectively. Hence, the percentage content of iron in resultants becomes bigger through increasing potassium borohydride addition. It is feasible that the Fe-Ni-Pb-B alloy nanoparticles are prepared by room temperature solid-solid chemical reaction.

4. Conclusions {#sec4}
==============

In summary, the Fe-Ni-Pb-B multicomponent alloy nanoparticles can be prepared very easily by a simple solid-solid chemical reaction method at room temperature. The advantages of this synthetic method are simple and convenient operation, high yield, energy saving, and being environmental friendly; it is in accordance with the requirements of green chemistry. The characterization results indicate that the resultants are mainly consisted of nanoamorphous phase and a minute amount of nanocrystalline phase, and the average diameter is about 25 nm. The resultants are all soft magnetic behavior. The mole ratio of potassium borohydride and the metal salts has an obvious effect on the resultants in composition, crystal structure, and magnetism.
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![TG-DTA curves of resultant **2**.](TSWJ2013-946897.001){#fig1}

![Powder X-ray diffraction patterns of the Fe-Ni-Pb-B alloy nanoparticles: (a) resultant **1**, (b) resultant **2**, and (c) resultant **3**.](TSWJ2013-946897.002){#fig2}

![Transmission electron micrographs of the Fe-Ni-Pb-B alloy nanoparticles.](TSWJ2013-946897.003){#fig3}

![Complete magnetic hysteresis curve (a) and partial of this curve showing the coercive force (b) of the Fe-Ni-Pb-B alloy nanoparticles: (A) resultant **1**, (B) resultant **2**, and (C) resultant **3**.](TSWJ2013-946897.004){#fig4}

###### 

The testing data of ICP of the resultants.

  Resultant   *n* (metal salts) : *n* (KBH~4~)   Fe (%)   Ni (%)   Pb (%)   B (%)   Total (%)
  ----------- ---------------------------------- -------- -------- -------- ------- -----------
  1           1.00 : 1.25                        9.45     25.18    42.57    0.19    77.39
  2           1.00 : 2.00                        9.66     26.45    46.50    0.31    82.92
  3           1.00 : 3.00                        12.13    28.56    46.79    0.22    87.70

###### 

The saturation magnetization, coercivity, and remanent magnetization of the resultants.

  Resultant   Saturation magnetization (emu g^−1^)   Coercivity (Oe)   Remanent magnetization (emu g^−1^)
  ----------- -------------------------------------- ----------------- ------------------------------------
  1           9.01                                   65.85             1.30
  2           17.59                                  77.85             2.34
  3           21.22                                  54.17             2.20
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